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EFFECT OF UNEQUAL AIR-FLOW DISTRIBUTION FROM TWIN INLEX' DUCTS 

OH PERFORMANCE OF AN AXIAL-FLOW TLTRB0JJ.E ENGINE 

By C u r t i s  L. Walker, Joseph N. Sivo, and Ennnert T. Jansen 

An investigation w a s  conducted i n   a n  NACA a l t i t ude  test  chamber t o  
determine  the  effect of inlet-ai r - f low  dis tor t ion on the performance of 
an  axial-flow  turbojet  engine  having  simulated  twin  inlet  ducts. Data 
were obtained  for  the  standard  engine  configuration and two inlet-air- 
flow  distortion  configurations  for a range of engine  speeds and exhaust- 
nozzle  areas a t  Reynolds number fndices of 0.6 and 0.2. 

m e n   t h e  compressor was subjec ted   to  a c i r c d e r e n t i a l   i n l e t - a i r  
d i s tor t ion  such t h a t  each half  of t he  compressor operated  at  a different  
in le t   p resswe,   the  performance point of  each  half of the compressor 
shifted  along  the  constant  corrected  speed  line of the  performance map 
of the  compressor with a standzrd  inlet  configuration. The corrected air 
flow f o r   t h e  half of t he  compressor operating at the lower inlet   pressure 
w a s  2 t o  3 percent lower than the corrected  a i r  flow f o r   t h e  compressor 
with a standard inlet. Because the  air flow discharged  fromthe com- 
pressor t o  essentially  constant  pressure,   the  pressure  ratio of the  portion 
of the compressor having  the lower inlet  pressure  increased above the  
normal compressor pressure  ra t io   while   the  pressure  ra t io  of the  other 
half of the compressor  decreased. S t a l l  of the compressor occurred at 
the  condition where the  pressure  ratio  across  the  portion of the com- 
pressor  subjected  to  the lower inlet  pressure  reached  the  value at which 
stall  occurred f o r   t h e  compressor with a normal inlet   configuration. 

A 37:63 percent air-flaw division (compressor-inle;  total-pressure 
difference  of 32 percent) between the twin in le t   duc ts   resu l ted   in  a 
decrease i n  maximum thrust of  about 10 percent a t  22,000 feet and 25 
percent at 50,000 feet at a f l i g h t  Mach  number of 0.6. If the  engine 
performance is  based  on  100-percent ram recovery i n   t h e  unblocked duct 
instead of average  pressure at the  compressor inlet   ( thus  charging  the 
in s t a l l a t ion  with the loss i n   t h e  blacked  duct), the thrus t  Loss is 
approximately 23 percent at the low a l t i t ude  and approximately 35 per- 
cent at the  high  a l t i tude.  The  more severe t h r u s t  loss  at high alt i-  
tude  resulted f r o m  the blocked  portion of the  compressor encountering 
the  s ta l l  region, which made it necessary  to limit operation of the 
engine t o  less than  rated  speed. 
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INTRODUCTION 

Nonuniform dis t r ibut ion of pressure and a i r  flow a t  the i n l e t s   t o  
turbojet  engines,  caused by the inlet ducting  or combat maneuvering  of 
the   a i rc raf t ,  may resu l t  in large  engine performance losses.  As was 
noted i n  reference 1, an  unequal air-flow  division and discont inui ty   in  
total   pressure  a t   the  compressor i n l e t  can result I n  8 decrease i n  
thrust  and an increase  in   specif ic   fuel  consumption because of a re-  
duction i n  compressor a i r  flow and reduced con@onent eff ic iencies .  It 
i s  also  possible  that  unequal air-flow  distributtons may cause rotat ing 
stall  or  surge with possible damage t o  the compressor o r   t u b i n e  because 
of excessive  blade  vibrations  (ref. 2 ) .  A general NACA research program 
i s  being  conducted t o  determine the  effect  of these  air-flow  distortions 
on the component and over-all performance of several  engines. As a part  
of this program, an investigation was made t o  determine the effects  on 
engine  performance of unequal air flow distribution  through  simulated 
twin  inlet  ducts. .@e effect  of i n l e t   a i r   d i s t o r t i o n  on compressor blade 
vibration and couqressor  rotating- s ta l l  was also  investigated. The  un- 
equal air flow  through  the two branches of the duct  discharged  separately 
at the compressor i n l e t .  The engine  used-5n this investigation was a 
current production-model turbojet  engine. 

The simulated  twin-inlet-duct  distortions  investigated  consieted of 
nominal a i r  flow divis.iops.between the two ducts of 45 and 55 percent 
and of 40 and 60 percent. These distorti<i%wire"  obtained by inser t ing 
f ine  mesh screens  in one o f  the   inlet   ducts .  The most severe  distortion 
(40:60) corresponded t o  the extreme condition  expected  during maneuver- 
ing f o r  a similar i n l e t   i n  a  proposed  high-speed  missile. 

The compressor, turbine, and over-all  engine performance with d i s -  
to r t ion  was  compared vith performance  without dis tor t ion.  A t  Reynolds 
number indices of 0.6 and 0.2, data were obtained at corrected  engine 
speeds of 60, 80, 88, 95, 100, and 107 percent of rated speed  over  a 
range of engine  temperatwe  ratios. These Reynolds number indices are 
equivalent  to  inlet  conditions  corresponding  to  a  range of f l i g h t  con- 
dit ions;  f o r  exatqle,  a Reynolds number index of 0.6 corresponds t o  an 
a l t i tude  of 22,000 f ee t  and f l i g h t  Mach  number of 0.6, while  a Reynolds 
number of 0.2 corresponds t o  an a l t i tude  of 50,000 f e e t   a t   t h e  same 
f l i g h t  Mach number. I .. 

A schematic  sketch of the  turbojet  engine used i n  this investiga- 
t ion   as  it w a s  i n s t a l l e d   i n  one of the NACA Lewiq a l t i t u d e   t e s t  chambers 
i s  shown in figure 1. This engine had a  12-stage  axial-flow compressor, 
eight  can-type couibustors, and a single-stage  turbine. The sea-level 
s ta t ic   th rus t   ra t ing  of the  engine i s  5970 pounds at a rated speed of 
7950 rpm and turbine-outlet  temperature of 1735O R. - 
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A view of the  bellmouth  inlet showing the s p l i t t e r   p l a t e  used t o  
divide the i n l e t   i n t o  two ducts is shown i n  figure 2. This s p l i t t e r  
p la te  extended from the entrance of the bellmouth t o   t h e  forward bearing 
strut. This s t r u t  fn  tu rn  extended t o  within 1/4 inch of t h e   i n l e t  
guide  vanes. Thus the inlet   simulated  the type of twin-duct i n s t a l l a t ion  
where the two ducts  dischsrge  directly  into the compressor i n l e t .  
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A typical  screening  configuration is also shown i n  figure 2. A 
1/4-inch mesh screen was placed  over the en t i r e  annulus  approximately 
37 inches  upstream of the i n l e t  guide  vanes. A f i n e  screen was then 
supported on the quarter-inch mesh i n  one half of the inlet to   e f f ec t  
the  desired dis tor t ion.  

The configurations and s izes  of the f ine  mesh screen  are  described 
in the  following t ab l e  : 

Configuration Size of screen Nominal air-f low 
divieion Blocked duct Unblocked duct 

A 50 - 50 - 1" 1" - 
4 4 

B 45 - 55 - 
4 + 40 mesh I 

C 40 - 60 - 
4 1 + 60 mesh I 

Instrumentation 

Instrumentation  for measuring  temperatures and pressures was in- 
s t a l l ed  at s ta t ions   ind ica ted   in  figure 1. Details of the instrumen- 
t a t ion   s t a t ions  are shown i n  figure 3. I n  addition, there w e r e  two 
w a l l  s tatic-pressure  t8ps  in  each of the first 11 compressor rotor  rows. 
These rows of or i f ices  were located  diametrically  opposite each other 
i n  a plane  perpendicular t o   t h e   s p l i t t e r   p l a t e .  Four nozzle l i p   s t a t i c  
probes were i n s t a l l e d   t o  determine the exhaust-nozzle-discharge s t a t i c  
pressure. Strip recorders were ins ta l led   to   record   engine- in le t   to ta l  
pressure,  compressor-outlet total  pressure,  engine speed,  and turbine- 
ou t l e t   t o t a l   p re s su re  and temperature  during engine transient operation 
resul t ing from t h r o t t l e  bursts t o  determine the stall  character is t ics  of 
the engine. 

A magnetic  pickup, shown in f igure 4, was i n s t a l l e d   i n  the com- 
pressor for detecting  vibration of the f j r s t - s tage  compressor rotor  
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blades. The magnetic flF path,  energized by the permanent magnet, r 

passes down the  core,   across  the  air  gap, anii through the  outs ide  shel l  
of the magnet. Whenever a magnetic material is moved i n  the  air-gap flux, 
the  resultant flux change produces  a  voltage in   the  coi l   proport ional   to  
the rate of change of f lux  which- depends in part  on the  following:  the 
nature of the  material  passing  through  the flux, the  velocity  with which 
the  material  passes,  the  position of the mterial i n  the gap flux, and 
the shape of the  material .  The var ia t ion of signal amplitude  with materl- 
a1  posi t ion was u t i l i zed   i n  this application. s 

The pickup was  mounted in   t he  compressor case i n  such  a manner tha t  
the  leading edge of the  rotor  blades lay i n   t he  same plane  as   the  t ra i l -  
ing edge of the  pickup; thus a voltage  pulse was produced by each  blade 
t i p  as the  rotor  revolved. These voltage  pulses were displayed on an 
oscilloscope with the sweep recurrence  synchronized with the  rotor   rota-  
t ions,  and a stationary  pattern was observed  consisting of one voltage 
pulse  for each blade  passage. If, however, a blade w e r e  vibrating (vibra- 
t i o n  frequency is not  an even multiple of the  speed of the rotor) ,   the  
amplitude of signal produced by the vibrating  blade would f luctuate  about 
the amplitude tha t  would be produced if  the  blade were not  vibrating. 

m 
M 

. .  . 
Constant-temperature  hot-wire anemometers were used for detection 

of flow  fluctuations  caused by r o t a t i n g   s t a l l .  The  anemometer probe6 
used were Kired with  0,0002-inch-diameter  tungsten  wire  with an unplated 
length (effective  length) of 0.08 inches. The w3re element was mounted 
perpendicular t o   t h e  probe axis.  Four of these anemometer probes, lo-  
cated at 900 circumferentlal  intervals, were ins ta l led  id  r ad ia l  survey 
devices i n  the compressor fourth-stage  stator.  

L 

Procedure 

Engine performance data were obtained at  the  conditions  described 
in  the  following  table.  The temperatures, pressures, and engine  speed 
given  are  average  values. The total   pressure listed i s  the  mass- 
averaged  comgressor-inlet  pressure used i n  the  calculations. 
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Reynolds 
number 
index 

t- 
~ ~ ~~~~~ 

Engine- 
inlet i n l e t  speed, 
t o t a l   t o t a l  

temperature  pressure 

Confimration A 

percent of 
ra ted 

0.6 

LO 7 7546  868 4 LO 
100 7465 1011 459 
95  7068  1007 458 
88 6544  1026 457 
60 48 24 1302 533 

0.2 412  302  6224 88 
413 301 

10 7 7570  288  416 
100 7160 302 422 
95 6745 

Configuration B 
0.6 

107 7 608 814 419 
100 713 6 830 424 
95 7108 858  461 
88  6582 971 462 
60 4825  1285 535 

0.2  535  293 6275 88 
415 280 

107  7588 272 417 
100 7147 28 2 411 
95 6753 

Configuration C 

0.6 

107  7655  788 4-17 
100 7415  884 452 
95 6756  816 422 
88  6545  930 458 
60  4805  1270 532 

0.2 423 286 6325  88 
417  278 

100 7100 267 420 
95  6803 

10 7 "- "" "- 
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A range of exhaust-gas  temperature f o r  each conditio? yas obtained 
by closing  the  nozzle  flaps  until  limiting  exhaust-gas  temperature or 
compressor s t a l l  or surge was reached. A t  a Reynolds number index of 
0.2 and corrected engi.ne speed D / f l  = 107 percent  for  configuration BJ 
only wide open nozzle  operation was possible  because of temperature 
limits. A t  the same index and speed fo r   con f ige&t ion  C s ta l l  was en- 
countered when an  attempt was  made t o  reach  this  condition.  After a 
f a i l u r e  of the  turbine, which will be  discussed i n  RESULTS AND D I S -  
CUSSIONJ operation was a r b i t r a r i l y  limited by a combustor-outlet 
(turbine-inlet)  temperature of 2260° R as indicated  by single thermo- 
couples  located in   t he   cen te r  of each  burner  transition  (statfon 4, 
f i g s .  1 and 3 ( d ) ) .  

. .. - " . 

Compressor s t a l l   l i n e s  were determined by using a continuous s t r i p  
recorder  during  engine  throttle B u r s t s  to   record compressor pressure 
r a t i o  and engine  speed. With configuration C at high a l t i t ude  it was 
also  possible to o b t a i n   s t a l l  by. slowly  closing  the  exhaust-nozzle  flaps 
so that steady-state  instrumentation  could  be  used  for  determining some 
s t a l l   p o i n t s .  

A mass-averaged in le t   to ta l   p ressure  was used In determining the 
correction  factor 6. The symbols used i n  th i s   repor t  are defined i n  
appendix A and the methods of calculation  are  described in appendix 13. 

0 m rn 
" 

" .. 
RESULTS AMD DISCUSSION 

Pressure and  Temperature Prof i les  

In order t o  i l lustrate  the,magnitude of the  dis tor t ions used, the 
percentage OP t o t a l   eng ine -a i r  flow  passing  through  the unblocked  duct 
i s  presented i n   f i g u r e  5 for  configurations B and C.  Configuration B 
had an a i r  flow  division of 43:57 percent at the  higher  corrected  engine 
speeds  while  configuration C had an air fiow  division of 37:63 percent. 
The exceptions t o  these  values  are  the  data f o r  a corrected  engine  speed 
of 60 percent of rated. The data  indicate  that-  the low Mach umber   a t  
the  screen  associatea  with  the low engine  speed  cause& a re la t ive ly  
lower pressure  drop  across  the fine-mesh screen and, hence, a more nearly 
equal air-flow  distribution  than  at   the  higher engine speed. 

Typical compressor pressure and temperature-profiles  at  a given 
engine  speed are  presented i n   f i g u r e  6 for the three configurations 
investigated. The ordinate w a s  obtained by f i rs t   d ividing  the  individual  
probe  value by the average  value in order t o  put a l l  prof i les  on a com- 
parative basis and, second, dividing th i s  r a t i o  by a similar probe r a t i o  
f o r  the undistorted  condition  to  eliminate.smal1  circumferential  vari- 
a t ions  in   the  undis tor ted  prof i les .  This same procedure was used fo r  'I 

" 

- 

.. 
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a l l  the circumferential   profiles.  The abscissa is the  circumferential  
location of the probes measured counterclockwise  from the top  looking 
downstream. The sp l i t t e r   p l a t e   l oca t ion  was at 135O and 3 1 5 O  (see f i g s .  
2 and 3(b) ) .  The high-pressure  region  or unblocked duct  extended  from 
3E0 t o  1 3 5 O  and the low-pressure  region  or  blocked  duct  from 135O t o  
3 1 5 O .  

CN 
CN 
P 
0 

The to ta l -pressure   p rof i les   a t  the compressor i n l e t  and out.let we 
presented i n  figures 6( a) and 6(b),   respectively,   for the same data 
points. The difference between the  maximum and the  minimum pressure 
has  been  reduced  from  about 20 and 32 percent a t  the compressor i n l e t   t o  
about 5 .O and 6.5 percent at the compressor out le t   for   configurat ions B 
and C, respectively. The circumferential  location of t h e   s p l i t t e r   a t  the 
compressor i n l e t  is indicated on flgure 6(a).   Figures  6(a) and 6(b) 
indicate that while the low-pressure  area at the  compressor i n l e t  sub- 
tended the angle  from 1 3 5 O  t o  3E0, the low-pressure  region  rotated  about 
60' i n  the direct ion of compressor ro tor   ro ta t ion  and  subtended the angle 
from 195O t o  15' a t  the compressor out le t .  

The compressor-outlet  temperature i n  the blocked side is higher than . that i n  t h e  unblocked side (fig.  6(c))  because  of the increased com- 
pressor   pressure  ra t io  and likewise  subtends  about  the same angle as the 
compressor-outlet  low-pressure area. 

The effect of engine  speed on the d is tor t ion  of  compressor-inlet 
and -out le t   to ta l   p ressure  and temperature prof i les  is shown i n  figure 7. 
As the engine  speed i s  decreased, the velocLty  of the air a t  the engine 
inlet  decreased so t h a t   f o r  a given screen configuration  the  pressure 
.distortion at the engine in le t   decreases ,   resu l t ing   in  decreased effects 
of the compressor out le t .  The e f f ec t  of Reynolds number index on these 
pressure and  temperature  profiles is shown i n  figure 8. Decreasing the 
Reynolds number index  from  0.6 t o  0.2 had no effect on  pressure dis- 
to r t ions  at the compressor inlet and outlet   but  tended  to  create more 
severe  temperature  gradients a t  the compressor out le t .  

Turbine-inlet  total-temperature  profiles were not  available  because 
of inadequate  instrumentation at s t a t ion  4. (The instrumentation at 
that s ta t ion  w-as used  only  as  an  indication of excessive  temperature a t  
the turbine  inlet.)  Turbine-outlet  total-temperature  profiles based on 
individual rake averages are presented i n  f igure  9   for  the same data  
points  presented i n  figure 6. This large circumferentialvariation in  
temperature  profile  at  the  turbine  outlet  results  mainly  from the severe 
circumferential   variation i n  f u e l - a i r   r a t i o  caused  by maldistribution of 
air flow. No radial   turbine-outlet   temperature-profile shift was dis-  . cernible from these limited measurements. 
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Component  Performance 

Compressor. - The  effect of circumferential  inlet-air  distortion  on 
compressor  performance is presentea  in figWe6 10 to 14. With  distortion, 
the  exact  amount  of  air flow passing  through  each  ha= of the  compressor 
is  extremely  difficult  to  determine  because  of  cross flow between  the 
outlet of the  splitter  plate  and  the  inlet of the  compressor  due  to  the 
large  circumferential  static  pressure. gradiel'it. "(me static-pressure 
gradient  is  of  the  same  magnitude  as  the  total-pressure  gradient.) In 
addition,  there  is  probably  cros8 flow ana  mixing  within the compressor 
itself.  Because  of  this  cross  flow,  it is-Gt entirely  correct  to assign 
the  air flow as measured  in  each  of  the  two  ducts  to  the  corresponding 
half'  of the  compressor. 

However, to serve  as a starting  point  in  the analysis of  the 
behavior of the  compressor  during  air  distortion,  the  compressor  maps 
based on the  air  flows as measured  in  the  ducts for the  three  configu- 
rations  investigated a r e  presented in figure 10 for two Reynolds  number 
indices.  The  inlet  pressure us& to  calculate  the  pressure  ratto  and to 
correct  the  air flnxthraugh each  duct  is  the mass flow average i n  each 
of the  two  ducts.  The  air  flow in each  duct  has  been  multiplied  by  two 
in order  to  put  them on a comparable  basis  with  the  standard  compressor. 
The  compressor-outlet  pressure  was  calculated  taking  into  account  the 
circumferential  shift  in  pressure  profiles  exhibited in figure 6. Lines 
of  constant  compressor  efficiency for configuration A have  been  super- 
imposed on the  figures  representing a Reynolds number idex of 0.6. 

As the  compressor is subjected to a .circ.mferential.  inlet air dis -  
tortion,  the  blocked  half  of  the  compressor  ap.eates  at  higher  compressor 
pressure  ratios thas the  standard  compressor  configuration,  while  the 
unblocked  half  operates  at  lower  pressure ra t ioe.  As the amount of dis- 
tortion  is  increased,  the  pressure  ratio  acrosa  the  blocked half of  the 
compressor  increases  and  moves toward the  stall  region,  while  the  pressure 
ratio  across  the  unblocked  half  remains  relatively  unchanged.  At a 
Reynolds  number  index of 0.2, engine  operation  with  configuration C 
was  impossible  at a speed of 107 percent  of  rated  because  compressor 
stall  was  encountered  over  the  entire  range"oT  exhaust-nozzle  areas 
covered. 

Because of the  uncertainty  in  the  actual air flow  through  each  half 
of the  compressor,  the  displacement  of  .the  constant-speed  lines  on  the 
compressor map may he exaggerated  in  figure 10. As an  engine is subjected 
to air distortions, the undistorted  portion of the  compressor would be 
expected to operate  about  the  same  as  it did before  the distortion oc- 
curred.  Therefore,.  the  increase  in  air flow in  the  unblocked  duct  may 
be  considered  to  be  an  indication  of  the' a m o u n t  of cross flow from the 
unblocked  to  the  blocked  portion  of  the  compressor. If it  is  assumed 
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t ha t   t he  unblocked half of the compressor operates   in  a normal manner, 
the air flow of the  unblocked half may be  determined from the  undistorted 
compressor  performance maps (configuration A) by using  the  corrected 
engine  speed and compressor presgure  ratio  across  the unblocked ha l f .  
The difference between the  air flow measured i n   t h e  unblocked duct and 
the air flow  through  the unblocked half of the compressor may be  a-pplied 
t o   t h e  a i r  flow as measured i n   t h e  blocked  duct to   ob ta in  an a i r  flow 
f o r   t h e  blocked  half of the compressor. 

I n  order t o   v e r i f y   t h e  assumption m a d e  t ha t   t he  unblocked portion 
of t he  compressor operates i n  a normal manner, the  efficiency of the  
unblocked half of the compressor w a s  compared with  the  efficiency of the  
standard compressor (configuration A ) .  For  the same compressor pressure 
r a t i o  and engine  speed,  the  variations between the two eff ic iencies  were 
generally less than 0.01 fo r   t he  range of conditions  investigated 
( f ig .  l l ( a ) ) .  

B 
By means of the  procedure  described in  the  previous two paragraphs, 

a second  performance map was  constructed  based on the  adjusted  air   f lows 
through  each  half of the compressor and is presented  in figure l l ( b )   f o r  
a Reynolds number index of 0.6. The adjusted  air  flow of t he  blocked 
half of the  compressor  appears t o  be 2 t o  3 percent lower than would be 
expected for the  undistorted compressor configuration.  This may be a 
r e su l t  of the  indeterminable  effect of cross  flow and  mixing on t h i s  
portion of t he  compressor. However, where figure IO(&) showed the  
blocked  portion of the compressor for  configuration C t o  be operating  in 
the  region of stall,  f igure  11 shows the blocked  portion of the compressor 
t o  be  operating a t  a considerable  distance from stall  except at the  higher 
corrected  engine  speeds. The adjusted performance of t he  compressor at 
a Reynolds number index of 0.2 exhibited similar trends as the  performance 
at a Reynolds number index of 0.6. 

The average  over-all.  performance of the  compressor i s  presented i n  
figure 12 for two engine  speeds and Reynolds number indices i n  order t o  
provide a i r  flow and pressure  ra t io   quant i t ies  which are  readily  usable 
f o r  engine performance calculations. The compressor-inlet total   pressure 
which is used to   cor rec t  the air flow and to   ob ta in   the  compressor pres- 
sure r a t i o  i s  the  combined mass-averaged  compressor-inlet total   pressure 
of both  ducts. Varying the  air f l o w  divisions from 50:50 to 37 :63 percent 
between the  two ducts a t  a given  average  exhaust-gas  temperature r e su l t s  
i n  a 4 to 5 percent  decrease in over-all air f low and compressor pressure 
ratio.  Figure  12(a)  includes two sets of constant  corrected  average 

su re   r a t io s   a s   t he   i n l e t   a i r   d i s to r t ion  is  increased.  This upward s h i f t  
is a resu l t  of a loss i n  component eff ic iencies .  A t  t he  lower Reynolds 
number index,  engine  operation was r e s t r i c t e d   t o  lower  average  exhaust-gas 
temperature  as  the  distortion was increased i n  order t o  keep the  blocked 
portion of t he  compressor  from operating i n   t h e   s t a l l   r e g i o n .  

' exhaust-gas temperature l i n e s   t o  show the   sh i f t   to   h igher  compressor pres- 
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The  effect  of  air f low distortion  on  the  compressor  stall  character- 

istics  is  shown in figure 13 for a  Reynola number' index of 0.6 for the 
three  coeigurations  investigated. The data  in  this  figure  were  obtained 
from  both  transient  instrumentation  used  during  throttle  bursts  and 
steady-state  instrumentation.  The  transient  instrumentation  was  inade- 
quate  to  provide  air  flow  at  stall;  therefore,  the  stall  lines  have  been 
represented  as a p l o t  of  compressor  pressure  ratio  against  corrected 
engine  speed.  The  compressor  pressure  ratio data points on the  figure  for . 
configuations B and C represent  the  pressure  ratio  across  the  blocked 
half  of  the  compressor. Also presented on this  figure are constant 
exhaust-nozzle-area  lines  for  the  three  configurations  investigated  to 
show  the  large  reduction i n  accelerating  margin  as  the  distortion  is 
increased. 

# 

. .  

d 
0 m 
K) 

At  any  given  engine  speed,  stall  of  the  conrpressor  subjected  to 
inlet  distortions  occurs  at  the  conditio.n  where  the  pressure  ratio  of 
the  distorted  portion of the  compressor  equals  the  stall  pressure  ratio 
of the  undistorted  compressor  (configuratim. A ) .  Therefore, if the 
amount  of  distortion  at  the  engine  inlet and associated  pressure  gradient 
is known, a fairly  accurate  calculation  can  be  made  to  determine  whether 
stall will.be encounterea  for  any  particular  engine  and  flight  operating 
condition. . . - . . . . .. 

c 
. -. . 
" 

For the  range  of  configurations  investigated,  the  effect of inlet . 
air  distortion  on  the  over-all  compreesor  efficiency  at  Reynolds  number 
index  of 0.6 was  negligible  for  all  engine  speeds  except  at a corrected 
engine  speed of 107 percent  (fig.  14(a)).  At  this  speed;  the lose in 
over-all  compressor  efficiency  for  configuration C was about 0.07. At 
a Reynolds  number  index  of 0.2, increasing  the  inlet  distortion  resulted 
in a decrease i n  over-all  compressor  efficiency  for  all  engine  speeds 
investigated;  the  efficiency  losses  of  about 0.07, 0.06, and 0.02 
occurred  at  the  corrected  engine  speeds of 100, 95, and 88 percent, 
respectively (fig. 14(b)). 

The  compressor  efficiencies  for  each  half  of  the  compressor  are 
compared in  figure 15 for the  two  air flow distortion  configuration8. 
Inspection of the  data  showed  that  for  configura%ion B, the  air flow 
distortion  had  very  little  effect on the  compressor  efficiency  for  each 
half  of  the  compressor  as  compared  to  the  over-all  compressor  efficiency. 
For configuration C, a compressor efficiency calculated  for  the  unblocked 
half of the  compressor was 1 to 5 points  higher  than  the  efficiency  for 
the  blocked  half. 

Turbine. - The  effect of distortion on turbine  efficiency  at  both 
Reynolds  number  indices .was negligible (fig. 16) . The  accuracy of 
determination  of  turbine  efficiency  is  siich-XliSt  the  apparent dis -  
cernible  trends  are  not  reliable.  The  changes in turbine  efficiency 
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. may be  considerably  less  important  than  the  effects of circumferential 
temperature and pressure  gradients on the   s t ress   l eve ls  and fat igue 
l i f e  of the  turbine  s ta tor  and rotor .  

Combustor. - Because of a lack of sufficient  instrumentation, 
conibustor efficiency  could  not be obtained f o r  each  can-type  combustor. 
However, calculations  across  the  entire  engine  indicated no noticeable 
effect  of i n l e t   a i r   d i s t o r t i o n  on combustor efficiency f o r  the range of 
conditions  covered. Combustor efficiency would not be expected t o  show 
any appreciable change due t o   i n l e t   a i r   d i s t o r t i o n s  because the  
compressor-outlet  circumferential  pressure  gradients and thus air flow 
gradients were not  severe. 

% 
Over -A11 Engine  Performance 

B Engine pumping character is t ics .  - The effect  of d i s tor t ion  on engine 

& 
cu pumping character is t ics  is shown in   f i gu re  17 a t  Reynolds number indices 

of 0.6 and 0.2. The engine-inlet  total  pressure is the  combined mass- 
averaged  compressor-inlet total   pressure of both  ducts.  For  a  given 
engine  speed and temperature   ra t io ,   increasing  the  inlet   a i r   d is tor t ion 
decreases  the  engine  pressure  ratio  because of the  l o s s  i n  compressor 
efficiency and the  reduction  in  compressorpressure  ratio. 

" 

Net t h r u s t  and specif ic   fuel  consumption. - The ef fec t  of i n l e t   a i r  
d i s tor t ion  on net t h rus t  and specif ic   fuel  consumption is  shoyn i n  
f igure 18 based on an averwe exhaust-gas  temperature of 1760° R 
i r respect ive of turbine-inlet  temperature  gradients. It i s  apparent 
t h a t   i f  a  temperature l i m i t  was imposed at the turbine i n l e t  which pre- 
vented  engine  operation on an  average  exhaust-gas  temperature, a fur ther  
l o s s  i n   t h rus t  would be  encountered fo r  any given in l e t   a i r   d i s to r t ion .  

Because there  axe two bases f o r  determining  engine  ram-pressure 
ra t io ,  a  comparison of th rus t  and specif ic   fuel  consumption was  made fo r  
the  two methods and fs presented  for an a l t i t ude  of 22,000 f e e t  and 
flight Mach  number of 0.6,  corresponding t o  a Reynolds number index of 
0.6. The so l id   l i ne  on th i s   f i gu re  based on average  pressure a t  
the  compressor i n l e t ;  that is, the assumption is tha t   t he  average ram- 
pressure  recovery i s  100 percent.  This assumption is the  same as was 
used in  reference 1 and provides  a  basis  for examining the loss i h  
th rus t  due only t o  decreased component efficiency and air flow. This 
thrust  loss was approximately 10 percent at an a l t i t ude  of 22,000 f e e t  
( f ig .  18(a)) for configuration C (37:63 a i r  f l o w  divis ion) .  

- 
The dashed l i n e  on f igure 18 i s  based on LOO percent  ram-pressure 

recovery i n   t h e  unblocked duct. This assumption  provides  a comparison 
.a of thrus t  loss which includes  the  pressure loss i n   t h e  blocked  duct 
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required  to  effect   the  distortion. Comparison on th i s   bas i s  shows a v 

23 percent loss i n   t h rus t  at a n   a i r  flow division of 37:63 percent. The 
decrease i n  net t h r u s t  was accompanied by a proportional  increase  in 
specif ic   fuel  consumption. 

The engine  speed .and average  .exhaust-gas  temperature must be re-  
duced at high  alt i tude and high  distortion t o  prevent compressor stall.  
Therefore, i f  the  engine were equipped with a control which maintained 
constant  speed and average  exhaust-gas  temgerature and encountered a 
distor t ion of a magnitude corresponding to  configuration C, compressor 
stall would occur if the  original  opera+ion had been at rated speed and 3 
temperature. I f ,  on the  other hand, d i s tor t ion  was ant'icipated, an 
engine  equipped with  this  type of constant-speed,  constant-temperature 
control would require 8 13 percent  thrust  derating  in  the  undistorted 
case  (fig.  19) t o  provide s ta l l - f ree   operat ion up t o  an air flow  division 
of 37 :63 percent. The performance is  based on 100 percent  ram-pressure 
recovery i n  the unblocked duct  for an a l t i t ude  of 50,000 f e e t  and fl i-ght 
Mach  number of 0.6, which corresponds t o  a Reynolds number index of 0.2. 
The over-all reduction  in thrust due t o  . the  f is tor t ion of configuration 
C w a s  approximately 33 percent at- 50,000 f e e t  . The net   thrust   specif ic  
f u e l  consumption presented  indicates  that  the  derating in th rus t  improved 
the  specif ic   fuel  consumption because of higher component eff ic iency  a t  
the lower-speed operation. 

. .  

r( 

.. 

- 
Operational Comments 

Courpressor r o t a t i n g   s t a l l  was detected  a t  o n l y  one operating con- 
dit ion  during  this  investigation. It occurred  with  configuration C a t  
rated  corrected  engine  speed and exhaust-gas  temperature.at a Reynolds 
number index of 0.2. The signal f r o m  the Gt-wire anemometers indicated 
a  frequency of 56.3 cycles  per second. One stall region was assumed t o  
ex is t ,  which leads t o   t h e  conciusion tha t  i't; ro ta t ing   a t  about 45 per- 
cent of engine  speed. The oscillograph of the  hot-wire  signal is shown i n  
figure 20. About 10 t o  20 seconds a f t e r  this condition was established, 
the  turbine  fa i led.  The s t a to r   ( f i g .   2 l ( a ) )  w a s  badly  burned in   t he  area 
corresponding t o  the high-temperature area of the.  profiles  discussed 
previously.  Failure of the  turbine  s ta tor   or   deter iorat ion of compessor 
performance due to  progressive  increase of t h e   s t a l l   i n   t h e  latter stages 
resulted  in  a tendency for speed t o  decrease. Because the engine was 
equipped  with a constant-speed  control, the increase  in   fuel   f low and 
turbine-inlet  temperature  introduced by the control  resulted I n  the 
f a i lu re  of the  turbine  rotor   ( f ig .  21(b)) i n  a short t i m e .  This wae 8 
s ingle   fa i lure  and tbe results  are  not  conclusive; however, the  severe 
temperature  profiles  discussed  earlier  present  an  undesirable condit-ion 
with  distortions of t h i s  magnitude. This failure  indicated  that   should 
such a severe  distortion  occur a t  high altitude  during a maneuver, 

.. . 

- -  .. . 
I - -  
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. compressor s t a l l  would be encountered which might l ead   t o  engine failure 
within a matter of seconds.  Derated  operation  mentioned  previously and 
indicated on figure 19 i s  a possible means of preventing failure f o r  
distortFons up t o  an air flow  division of 37:63 percent, a t  50,000 feet 
and a Mach number of 0.60. 

No vibrations of the  f i rs t -s tage  rotor   blades of appreciable ampli- 

w w 
0 
IJ 

tude were observed  during the program. 

CONCLUDING REMARKS 

An investigation was conducted t o  determine  the  effects on per- 
formance  of an  axial-flow  turbo jet engine of unequal air flow through 
simulated  twin  inlet  ducts. The division i n  a i r  f low  resul ted  in  a 
diecontinuous  total-pressure  profile a t  the compressor i n l e t .  The 
magnitude of the total-pressure  profile  diminished  in  passing  through 
the campressor. However, a temperature  gradient  appeared a t  the  com- 
pressor   out le t  and i t s  magnitude increased  in  passing  through the 
combustors and turbine.  . 

The cor rec ted   a i r  flow of the  blocked half of the  compressor is  
about 2 t o  3 percent lower than would be  expected for   the   undis tor ted  
compressor configuration;  this is  bel ieved  to  be caused  by  the  cross 
flow and  mixing  due t o   i n l e t  air dis tor t ions.  The portion of the com- 
pressor   subjectedto  the  dis tor t ions  operates  at higher  pressure  ratio 
than  the  standard co-npressor configwation,  while the undistorted 
portion  operates a t  lower pressure  ra t ios .  A t  any  given  engine  speed, 
stall  of t he  compressor subjected  to   c i rcumferent ia l   in le t   d is tor t ions 
occurs a t  the  condition where the   p ressure   ra t io  of the  dis tor ted  port ion 
of the  compressor equals  the s ta l l  pressure ratio of the  undistorted corn- 
pressor  configuration. 

- 

The most severe  distortion  investigated was a 37:63 percent air flow 
division between the  two duch .   This   d i s tor t ion   resu l ted   in  a maximum 
loss  i n  compressor efficiency of about 0.07 and a decrease i n   t o t a l   a i r  
flow of about 7 percent at a corrected  engine  speed of 107 percent. As 
a result, the  thrust  decreased  about 10 percent at an  a l t i tude of 22,000 
feet a t  a f l i g h t  Mach number of 0.6 (where f l ight   condi t ion was based on 
average  compressor-inlet  pressure). If the  flight conditions are based 
on LOO percent  ram-pressure  recovery i n   t h e  unblocked duct  (thus  charging 
the   i n s t a l l a t ion  with the  pressure loss i n   t h e  blocked  duct  necessary t o  
effect   the   dis tor t ion) ,   the   thrust   losses   are  a;pproximately 23 and 35 
percent a t  a flight Mach  number of 0.6 and a l t i tudes  of 22,000 and 50,000 
feet, respectively. P a r t  of t he   t h rus t  loss a t  the  higher   a l t i tude w a s  
due to  the  necessary  reductions  in  engine  speed and exhaust-gas tempera- 
ture  i n  order  to  avoid compressor s t a l l .  
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A t  high altitudes,  unless  engine  speed and exhaust gas temperature are  
reduced, t he   i n l e t  air dis tor t ion may r e su l t  i n  circumferential tempera- 
ture  gradients  at   the  turbine  severe enough t o  catme turbine  fa i lures .  

4 

" 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio May 17, 1954 
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The following symbols m e  used i n  this report: 

area, sq f t  

net   thrust ,  1% 

fue l - a i r   r a t io  

acceleration  of  gravity, ft/sec 2 

Mach  number 

engine  speed 

total   pressure,  lb/sq f t  

s ta t ic   pressure,  lb/sq f t  

gat3 constant, ft-lb/(lb) (%) 

t o t a l  temperature, OR 

velocity,   f t /sec 

air flow, Ib/sec 

f u e l  flow, lb/hr 

r a t i o  of specif ic  heats 

r a t i o  of engine-inlet   total   pressure P1 t o  NACA standard  sea- 
level pressure, 2116 lb/sq ft  

r a t i o  of engine  inlet   total   temperature TI to NACA standard sea 
level  temperature, 5 1 9 O  R 

efficiency 

r a t i o  of coefficien-t of viscosity  corresponding  to T1 t o  coef- 
f i c i e n t  of  viscosity  corresponding t o  NACA standard  sea-level 
temperature, 519' R. This r a t i o  is a function of only tempera 
ture and is equal   to  735 6Io5/(T + 216). 

6 - 
(P& Reynolds number index 

I, 
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Subscripts : 

a unblocked duct 

b blocked duct 

C compressor - .. 
b 

J vena contracta at exhaust  nozzle  outlet 

CL compressor  leakage air f l o w  

t turbine 

S t a t  ion numbers : 

0 ambient or free-stream conditions 

1 engine i n l e t  

2 compressor i n l e t  

3 compressor out le t  o r  combustor i n l e t  

4 combustor ou t le t   o r   tu rb ine   in le t  

5 turbine  out le t  

9 exhaust-nozzle inlet  
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ME;THODS OF CALCULATION 

ua w 
0 

Compressor-inlet  total  pressure. - The  total  pressure  in  each  duct 
was determined by the  indicated  pressure on a seven-probe  rake  located 
approximately 3 inches  ahead of the  inlet  guide  vanes.  The  average 
pressure was determined by 

Wl,a + Wl,b PZ,b 
Wl,a h,b 

P2 = 

The correction  factor 6 was calculated  from  this  mass-averaged 
pressure. 

Engine  air f l o w .  - The  air  flow was determined  in  each  duct  from 
the  temperature  and  pressures  at  station 1 by the  equation 

%,a = %,a 

for the  unblocked  duct  and a similar  equation  for  the  blocked  duct. 

The  total  corrected  air flow was  defined  as (%,EL + Wl,b).Jij 
6 

where 8 is  the same for  both  ducts  since  the  campressor-inlet  total 
temperature  was  uniform. 

Compressor  and  turbine  efficiencies. - The  compressor  and  turbine 
efficiencies  were  calculated  from  conventional  adiabatic  equations. 
Except  for  mass-averaged  compressor-inlet  total  pressure,  all  pressures 
and  temperatures  were  arithmetic  averages. 

Net  thrust. - In the  determination  of  net  thrust,  the  following 
items  were  assumed: (1) altitude (NACA standard  atmosphere) ; (2) .flight 
Mach  number' (3) exhaust-gas  temperature, T9; and (4) corrected  engine 
speed, N/-&. 

The  first  two  of  these  items  define PI Tl po VO, 6 ,  and 0 .  
Compressor-inlet  total  temperature TI and  i2em (3) determine  engine 
temperature  ratio Tg/Tl. From  engine  pumping  characteristics  (fig. 17) 
and  corrected  engine  temperature  ratio T9/Tl, the  engine  pressure 
ratio PS/PZ w a s  determined.  Compressor  pressure  ratio P ~ / P Z  was 
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determined  from a p lo t  of compressor pressure  ratio as a function of 
yg/T1 From Ps/Pz, N/@, and figure 12, the  corrected  a i r  flow 

'4 m e  determined. The thrust  equation was 
6 

The part of t h i s  equation  enclosed by braces can  be  solved by use 2 M 

of the  effective  velocity  parameter of reference 3, W, T , y9, and 
po/P9. The compressor l e e a g e  air flow, WCL was detezdned from P3 
and figure 22. Engine fue l - a i r   r a t io  f was determined  using TS/TL, 
8, and f igure 23. 

Specific  fuel consumption. - The ne t   th rus t   spec i f ic   fue l  consump- 
t i on  m s  determined  from the following equation: 

W f  

Fn 
s fc  = - 
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Figure 1. - Schematic aisgram of .%@ne inatallation in altitude t e s t  chamber Baoviug 
location of instrumentation  stations. 
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(a) Station 1, bellnsDuth inlet (sir-flow 
messuring s t a t i o n  i n  stralght section 
of duct). I 
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r Magnetic pickup 

Flux llnes 

Firet stage r o t o r  blade 

Figure 4. - Sketch of magnetic pickup used for defiectism of vibration of first stage 
compressor rotor blades. 
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(a) Compressor-inlet tota~pressure profile. 

(b) Compressor-outlet  total-pressure profile. 

1.06 

1.02 

.98 

.94 
0 60 120 180 240 . 300 36Q 

Circumferential  location  counterclpclwise from tap 
lwking downstream,  deg 

(c) Compressor-outlet  total-temperature  profile. 

Figure 6. - Effect of air  diatortion on compressor  presaure and tempera- 
ture  circumferential profiles. corrected  engine  speed, N/*, 100 per- 
cent of rated) Reynolda number index, 0.6. 
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(a) Compressor-Met total-pressure  profile. 

2 z  
& h i  - (b) Compressor-outlet total-pressure profile. 

Circumferential location counterdlockutst f r o m  top 
looking downstream, deg 

(c) Compressor-outlet total-temperature prof i le .  

Figure 7. - Effect of engine  speed on compressor  pressure and temperature 
circumferential profiles.  Configuration CJ Reynolds number  index, 0.6. 
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(a) Comgressor-tnl-et  total-pressure  profile. 
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(b) Compressor-outlet  total-pressure  profile. 
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(c) Compressor-outlet  total-temperature  profile. 

Figure 8. - Effect of Reynolds number index on compressor preseure and 
temperature  circumferential profiles. Configuration C J  corrected  engine HI*, 100 percent of rated. 
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Ffgure 9. - Effect  of  inlet  air  distortion on turbine-outlet  circum- 
ferential  total-temperature profiles. Corrected  engine speed, N/*, 
100 percent of rated.  Reynolds number index, 0.6. 
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Standard  inlet  duct 

70 80 90 m 120 3 Corrected air flow, %, lb/sec 

(a) Reynolds number index, 0.6. 
Figure Lo. - Campeasor characteristic Unes far compreaear based on air flov 
measured In each  inlet  duct. 
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(b) Reynolds number index, 0.2. 

Figure 10. - Concluded. Compreasor  characteristic  linea for cmpresaor 
based on a i r  flow measured in each inlet duct. 
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(a) Compressqr efficiency for unblocked portion of compressor. 

Figure 11. - Compressor performance based on adjusted air flow 
through each cnmpreesor half .  Reynolds number Index, 0.6. 
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(b) Compressor characteristic lines. 

Figure 11. - Concluded. Compressor performance based on 
adjusted air f low through each compressor half. Reynolds 
number index, 0.6. 
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Figure 12. - Campressor chracteristlc lines for over-all compTeesoi performance. 
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Configuration 
Steady %eSsient 
state 

0 A 
O B + 0 C 

11 1 S t a l l  limit - Constant  exhaust- 
nozzle mea 
operation 

80 90 100 U O  
Corrected  engine  speed, N/*, percent of rated 

Figure 13. - Compressor stall limit without and with i n l e t  sir 
distortions based on compressor pressure ratio across blocked 
half of compressor. Reynolds number index, 0.6. 
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0 1100 1300 E.jO0 In? 19w 2Loo 2300 
Corrected exhaust-gas total temprature, Tg/el, OR 

(a) Reynolds number index, 0 .6 .  

Figure 14. - Effect of inlet-air distortion on over -a l l  compreseor efficiency. 
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Figure 16. - Effect of Inlet air distortion on turbine efficiency. 
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Figure 22. - Compressor leakage st engine midframe. 
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